Abstract Genetic variation of antigen-processing machinery (APM) components has been shown to be associated with cervical carcinoma risk and outcome in a genetically homogeneous Dutch population. However, the role of APM component single nucleotide polymorphisms (SNPs) in genetically heterogeneous populations with different distributions of human papillomavirus (HPV) subtypes remains unclear. Eleven non-synonymous, coding SNPs in the TAP1, TAP2, LMP2, LMP7 and ERAP1 genes were genotyped in cervical carcinoma patients and healthy controls from two distinct Indonesian populations (Balinese and Javanese). Individual genotype and allele distributions were investigated using single-marker analysis, and combined SNP effects were assessed by haplotype construction and haplotype interaction analysis. Allele distribution patterns in Bali and Java differed in relation to cervical carcinoma risk, with four ERAP1 SNPs and one TAP2 SNP in the Javanese population showing significant association with cervical carcinoma risk, while in the Balinese population, only one TAP2 SNP showed this association. Multimarker analysis demonstrated that in the Javanese patients, one specific haplotype, consisting of the ERAP1-575 locus on chromosome 5 and the TAP2-379 and TAP2-651 loci on chromosome 6, was significantly associated with cervical carcinoma risk (global P=0.008); no significant haplotype associations were found in the Balinese population. These data indicate not only that genetic variation in APM component genes is associated with cervical carcinoma risk in Indonesia but also that the patterns of association differ depending on background genetic composition and possibly on differences in HPV type distribution.
Introduction
The antigen-processing machinery (APM) comprises various components working together to determine the presentation of peptides derived from intracellular proteins by human leucocyte antigen (HLA) class I molecules (Heemels and Ploegh 1995) . The APM has been shown to be important in immune recognition of virally infected cells and tumour cells. Defects in the APM have been shown to be associated with progression and impaired survival in various tumours (Facoetti et al. 2005; Meissner et al. 2005; Seliger et al. 2006 ). In particular, we have shown previously that downregulation of endoplasmic reticulum aminopeptidase associated with antigen presentation 1 (ERAP1), transporter associated with antigen presentation 1 (TAP1) and low molecular weight peptide 7 (LMP7) is significantly associated with decreased survival in human papilloma virus (HPV) associated cervical carcinoma (Mehta et al. 2008) .
Apart from APM protein expression defects, we have previously hypothesized that genetic variation in the genes encoding APM components may contribute to susceptibility to cervical carcinoma. We have demonstrated that various single nucleotide polymorphisms (SNPs) in the LMP7, TAP2 and ERAP1 genes were significantly associated with risk of developing cervical carcinoma in the Dutch population (Mehta et al. 2007 ). Moreover, two ERAP1 SNPs were found to be significantly associated with poor survival in Dutch cervical cancer patients (Mehta et al. 2009 ).
Although these data suggest that genetic variation in APM genes is an important determinant in the development and progression of cervical carcinoma in the Dutch population, it remains to be determined whether these findings can be extrapolated to other gene pools and populations. Our group has previously shown that the distribution of HPV subtypes among cervical carcinoma patients in Indonesia, where high incidence of HPV infection has been recorded, differs from other geographical areas (Vet et al. 2008 ). This was hypothesized to be caused by the relative isolation of certain Indonesian regions and subpopulations.
To ascertain the extent to which APM genetic variation may contribute to cervical carcinoma risk in regions in which HPV is virtually endemic, we have studied the genotypes and genotype interactions of a previously reported set of SNPs in distinct Indonesian populations from Java and Bali. We demonstrate that, as in the Dutch population, APM genetic variation is associated with cervical carcinoma risk but that the association patterns are different in the two Indonesian populations.
Methods Subjects
Cervical cancer cases and healthy controls were derived from two distinct Indonesian populations from Java and Bali. In the Javanese population, cervical carcinoma cases consisted of 98 female patients with histologically confirmed invasive cervical cancer from the regions of Jakarta and Tasikmalaya, while 105 healthy female controls from the same area were included in the study. In the Balinese population, 103 cervical carcinoma patients and 68 healthy controls were included.
HPV typing was performed by using the SPF10 primer set and INNO-LIPA HPV Genotyping Extra line probe assay (Fujirebio Europe, Ghent, Belgium). In 87 (89 %) of the Javanese patients, high-risk HPV was detected: The most common types were HPV16 (n=35; 35.7 %), HPV18 (n=28; 28.6 %) and HPV52 (n=15; 15.3 %). In 77 (74.8 %) of the 103 Balinese patients, high-risk HV was detected, of whom 38 (36.9 %) were HPV16 positive, 16 (15.5 %) were HPV18 positive and 8 (7.8 %) were HPV52 positive.
DNA isolation from cervical swabs was performed by Baseclear (Leiden, the Netherlands) using a magnetic beadbased assay. DNA was extracted from formalin-fixed, paraffin-embedded cervical tumour tissue using the Tissue Preparation System (Siemens Healthcare Diagnostics, NY, USA) (Hennig et al. 2010) .
SNP genotyping
Eleven previously documented polymorphisms in the LMP2, LMP7, TAP1, TAP2 (chromosome 6) and ERAP1 (chromosome 5) coding regions were genotyped using TaqMan SNP Genotyping Assays (Applied Biosystems, Inc., Foster City, CA) based on the 5′-nuclease allelic discrimination assay as described previously (Livak 1999) . A combination of predesigned assays (available as Assays-on-Demand products) and custom SNP Genotyping Assays (available through the Assays-by-Design service) was used. Probe and primer sequences for the Custom SNP Genotyping Assays and available information for the pre-designed SNP Genotyping Assays have been described previously (Mehta et al. 2007) .
SNP genotyping was performed as described previously (Mehta et al. 2007 ). In short, real-time PCR was performed in a 5 ul reaction volume containing 10 ng of patient or control genomic DNA (dried by overnight evaporation), 1× final concentration of TaqMan Universal PCR Mix and 1× final concentration of the appropriate TaqMan SNP Genotyping Assay (0.9 umol/l of each primer and 0.2 umol/l of each probe). All liquid handling was performed with a Genesis RSP 100 automated liquid pipetting system (Tecan Group Ltd., Männedorf, Switzerland). PCR reactions were carried out and read in an ABI PRISM 7900HT sequence detection system (Applied Biosystems) with the following cycling conditions: 95°C for 10 min, followed by 40 cycles of 92°C for 15 s and 60°C for 1 min. Data acquisition and allelic discrimination were performed using Sequence Detection Systems software version 2.2.2 (Applied Biosystems).
Statistical analysis
For each polymorphism, deviation of the genotype frequencies from those expected under Hardy-Weinberg equilibrium was assessed using chi-squared tests implemented in Haploview software version 3.2 (Barrett et al. 2005 ). Distribution of possible genotypes at the investigated SNP loci was compared among cases and controls using the chi-squared test. The Armitage trend test, as implemented in FAMHAP software version 19, was used to test for a trend in cervical carcinoma risk with individual allele numbers (Sasieni 1997) .
Chromosome 5 and 6 haplotypes were constructed, haplotype frequencies were estimated, and haplotype interaction analysis of the two chromosomes was performed using the expectation-maximization (EM) algorithm implemented in FAMHAP software version 19 (Becker et al. 2005a, b; Becker and Knapp 2004; Mehta et al. 2007 ). Miettinen's formula was used to calculate the population attributable fraction (PAF), i.e. the fraction of all cervical carcinoma cases attributable to a haplotype observed to be significantly associated with disease (Hanley 2001; Miettinen 1974) .
All tests were two-sided, and the significance level was set to 0.05. Where appropriate, P values were corrected for multiple testing. Statistical analyses were performed with IBM SPSS Statistics software version 20 (SPSS Inc., Chicago, IL).
Results

Genotype and allele distributions
Eleven previously reported non-synonymous polymorphisms in the coding regions of LMP2, LMP7, TAP1, TAP2 and ERAP1 were tested separately in the Javanese and Balinese populations (Mehta et al. 2007 (Mehta et al. , 2009 ). Major and minor alleles for the tested loci are shown in Table 1 . In both populations, genotype distributions in cases and controls were in Hardy-Weinberg equilibrium (data not shown). The results of univariate analyses of the various genotype frequencies among cases and controls, and the results of the Armitage trend test, are shown in Tables 2 and 3 for the Javanese and Balinese populations, respectively. As shown, in the Javanese population, four ERAP1 SNPs and the TAP2-651 SNP were significantly associated with cervical carcinoma occurrence, whereas in the Balinese population, only the TAP2-651 locus showed this association.
Single allele distributions were determined in both groups to further evaluate the effect of individual major and minor alleles at each of the 11 loci. As shown in Table 4 , in the Javanese population, allele distributions at the ERAP1-127, ERAP1-528 and ERAP1-730 loci were significantly associated with altered cervical carcinoma risk (P=0.042, 0.032 and 0.031, respectively); presence of the minor allele at these loci was associated with decreased cancer risk.
As shown in Table 5 , in the Balinese population, only the TAP2-651 locus was significantly associated with cervical carcinoma risk, with the minor allele increasing this risk (P<0.001).
Haplotype construction and frequency estimation
As our previous study demonstrated that genotype combinations contribute to cervical carcinoma development to a larger degree than individual SNPs, the effect of various SNP combinations spanning chromosomes 5 and 6 was assessed. To this end, separate haplotypes were constructed spanning the six ERAP1 SNPs on chromosome 5 and the five LMP2, LMP7, TAP1 and TAP2 SNPs on chromosome 6. As there was no obvious linkage disequilibrium among the SNPs investigated (data not shown), the EM algorithm was used to estimate the most likely haplotype arrangements spanning all loci (Becker et al. 2005a, b; Becker and Knapp 2004) . Only haplotypes with a frequency >1.0 % in controls were included for further analysis.
As shown in Table 6 , application of the EM algorithm on the six SNPs in the ERAP1 gene region on chromosome 5 yielded eight common haplotypes with a frequency ≥1 % in controls, representing >99 % of all possible haplotypes in the Javanese population. For the five SNPs on chromosome 6, nine common haplotypes were generated representing >99 % of all possible haplotypes in this population. As shown, in the Javanese population, no significant global differences in frequency distributions for the constructed haplotypes were found among cases and controls.
For the Balinese population, six chromosome 5 and five chromosome 6 haplotypes were generated with a frequency ≥1 % in controls, as shown in Table 7 . Here too, no significant global differences in frequency distributions for the constructed haplotypes could be demonstrated among cases and controls.
As the perceived lack of association between the various haplotypes and cancer risk may have resulted from the high number of degrees of freedom in these distributions, permutational chi-squared testing was performed to identify specific marker combinations along which haplotypes could be grouped, thus limiting the number of degrees of freedom. This procedure did not yield any statistically significant differences in distribution in the Balinese population for either chromosome 5 or 6. 
a Genbank accession numbers for reference sequences: NM_016442.2 for ERAP1, NM_000593.5 for TAP1, NM_000544.3 for TAP2, NM_00280.4 for LMP2, and NM_148919.3 for LMP7
However, in the Javanese population, grouping the chromosome 5 haplotypes according to ERAP1-575 and ERAP1-730 genotypes yielded a statistically significant difference in distribution (P=0.014), as shown in Table 8 . In particular, the combination of a minor allele at ERAP1-575 and a major allele at ERAP1-730 was most significantly associated with increased cervical carcinoma risk, the PAF for this haplotype being 4.6 %, as calculated using Miettinen's formula. Similarly, grouping chromosome 6 haplotypes according to the TAP2-379 and TAP2-651 genotypes led to a statistically significant difference in distribution (P=0.042). Presence of the major allele at both loci was most significantly associated with increased cancer risk, with a PAF of 56.7 %.
Haplotype interaction analysis of chromosomes 5 and 6
Haplotype interaction analysis of both chromosome regions was performed to assess the extent to which the chromosome 5 and 6 haplotype blocks may synergistically affect cervical carcinoma risk. In the Balinese population, no haplotype combinations with a significant association with cancer risk could be identified.
However, as shown in Table 9 , in the Javanese population, combined analysis of both haplotype blocks identified a specific combination consisting of the ERAP1-575 locus on chromosome 5 and the TAP2-379 and TAP2-651 markers on chromosome 6 which had a significantly different distribution among cases and controls (global P=0.008). Specifically, the combination of a minor allele at ERAP1-575 with major alleles at both TAP2 loci was associated with an increased risk of cervical cancer; the PAF for this haplotype was 3.9 %.
Discussion
The APM is considered to be a key factor in HLA class I peptide presentation, which, in turn, mediates recognition and lysis of transformed cells by cytotoxic T lymphocytes. Alterations in the APM have been shown to be associated with altered repertoires of peptides available for presentation, thereby influencing the possibility and extent of T lymphocytemediated immune reactions (Chang and Ferrone 2007; Falk and Rotzschke 2002; Hammer et al. 2006; Saric et al. 2002; Saveanu et al. 2005; Yan et al. 2006; York et al. 2002 York et al. , 2006 . Moreover, multiple associations between tumour progression and APM component defects have been described. In particular, we have previously shown that downregulation of TAP1, LMP7 and ERAP1 expression is associated with decreased survival in HPV-mediated cervical carcinoma in Dutch patients (Mehta et al. 2008) . A growing body of evidence is emerging pointing towards a genetic predisposition to HPV-mediated malignant transformation. Genetic variation in two APM SNPs has been associated with HPV-associated esophageal carcinoma (Cao et al. 2005) . Furthermore, we have previously demonstrated that genetic variation in the genes encoding TAP2, LMP7 and ERAP1 is significantly associated with increased risk of developing cervical carcinoma and with poor prognosis among cervical carcinoma patients and that the effect of specific combinations of SNPs is cumulative as compared to the individual SNPs (Mehta et al. 2007 (Mehta et al. , 2009 . These data were limited to a All P values are corrected for multiple testing All P values are corrected for multiple testing relatively homogeneous Dutch population; evidence regarding such associations in other heterogeneous populations is scarce. Therefore, in the present study, we have investigated the association between 11 previously documented, nonsynonymous SNPs in seven genes encoding different APM components and cervical carcinoma risk in two distinct Indonesian populations. Our results show that genotype and allele distributions at various loci are significantly associated with occurrence of cervical carcinoma but that patterns of association differ greatly between the two populations. Specifically, in the Javanese population, a combination of the ERAP1-575 locus on chromosome 5 and the TAP2-379 and TAP2-651 markers on chromosome 6 was significantly associated with cervical carcinoma risk, whereas in the Balinese population, only the TAP2-651 locus exhibited this association.
The findings in the Javanese population underline the role of genetic variation at the ERAP1 and TAP2 loci in cervical carcinoma as previously described by us (Mehta et al. 2007 (Mehta et al. , 2009 . Genetic variation at these loci may cause functional alterations in the associated proteins, e.g. TAP transport efficiency and ERAP1 proteolytic activity. Additionally, structural stability of the associated mRNA and protein may be affected by these SNPs. Ultimately, these changes may lead to variation in the repertoire of HPV-derived peptides available for HLA class I-mediated presentation, thereby affecting immune evasion of HPV-transformed cells. However, to date, there is no conclusive evidence regarding the functional and/or structural consequences of genetic variation at these loci.
As stated previously, the observed associations between APM SNPs and cervical carcinoma may not be caused by the investigated loci at all but may reflect effects of other loci in linkage disequilibrium with the SNPs in the present study. However, to our knowledge, there is no data concerning other chromosome 5 or 6 loci in relation to cervical carcinoma risk. Moreover, the pattern we have described here and in our previous studies, i.e. that unlinked loci on different chromosomes interact in a contribution to change susceptibility to disease, is in keeping with similar findings in other vertebrates, where it has been suggested that variation in the APM pathways may be more important than variation in the major histocompatibility complex (MHC) itself in the attenuation of immune responses (Kaufman 2013) .
The striking differences in patterns of association of genetic variation in the Javanese and Balinese populations may be caused by several mechanisms. Historically, Bali was a relatively isolated region of Indonesia with therefore a more homogeneous genepool. In contrast, Java has been subject to extensive migration and has a more heterogeneous genetic composition Shepard et al. 2005) . Table 9 Haplotype interaction analysis in the Javanese population
Haplotype sequence Controls (n=210) n (%) Cases (n=196) n (%) OR (95 % CI) Haplotype-specific P value Global P value Moreover, our group has previously shown that the distribution of oncogenic HPV subtypes differs greatly amongst these Indonesian regions (Vet et al. 2008) . Therefore, differences in the genetic variation patterns in these regions in relation to cervical carcinoma occurrence may reflect a combination of different genetic composition and differences in HPV subtype distribution. This leads to the hypothesis that different HPV subtypes may exploit different host genetic factors to evade the immune system and establish malignant transformation. This may also explain the difference in association patterns in the current study as compared to the Dutch population, which we have described previously (Mehta et al. 2007 ). Moreover, the genetic homogeneity of the Balinese population may explain why a single locus exhibits such a strong association with cervical carcinoma risk as opposed to a combination of loci in the genetically heterogeneous Javanese population.
In conclusion, we report the systematic analysis of several SNPs in genes encoding APM components in cervical carcinoma in two distinct Indonesian populations. In this analysis, we utilize a previously described robust and comprehensive statistical method for evaluation of multimarker effects and of haplotype interactions. We demonstrate a significant association between genetic variation in specific combinations of these SNPs and cervical carcinoma risk and, more importantly, that these association patterns differ between the two populations. We hypothesize that these differences reflect not only different genetic compositions of the populations but also well-documented differences in HPV subtype distributions. This insight, combined with ongoing understanding of the relevance of APM component SNPs in HPV-mediated cervical carcinogenesis, may be an important determinant in design and effectiveness of HPV-targeted vaccines and immunotherapeutic regimens.
